Neural precursor cells (NPCs) differentiate into neurons, astrocytes, and oligodendrocytes in response to intrinsic and extrinsic changes. Notch signals maintain undifferentiated NPCs, but the mechanisms underlying the neuronal differentiation are largely unknown. We show that SIRT1, an NAD ؉ -dependent histone deacetylase, modulates neuronal differentiation. SIRT1 was found in the cytoplasm of embryonic and adult NPCs and was transiently localized in the nucleus in response to differentiation stimulus. SIRT1 started to translocate into the nucleus within 10 min after the transfer of NPCs into differentiation conditions, stayed in the nucleus, and then gradually retranslocated to the cytoplasm after several hours. The number of neurospheres that generated Tuj1 ؉ neurons was significantly decreased by pharmacological inhibitors of SIRT1, dominant-negative SIRT1 and SIRT1-siRNA, whereas overexpression of SIRT1, but not that of cytoplasm-localized mutant SIRT1, enhanced neuronal differentiation and decreased Hes1 expression. Expression of SIRT1-siRNA impaired neuronal differentiation and migration of NPCs into the cortical plate in the embryonic brain. Nuclear receptor corepressor (N-CoR), which has been reported to bind SIRT1, promoted neuronal differentiation and synergistically increased the number of Tuj1 ؉ neurons with SIRT1, and both bound the Hes1 promoter region in differentiating NPCs. Hes1 transactivation by Notch1 was inhibited by SIRT1 and/or N-CoR. Our study indicated that SIRT1 is a player of repressing Notch1-Hes1 signaling pathway, and its transient translocation into the nucleus may have a role in the differentiation of NPCs.
S
elf-renewing multipotential stem cells are present in the ventricular zone (VZ) of mammalian embryonic brain (1) . During development, neural precursor cells (NPCs) primary undergo extensive self-renewal and then generate only neurons first, followed by the sequential genesis of astrocytes and oligodendrocytes (2) . Notch signaling, triggered by the interaction between the Notch receptor and its ligands, increases the number of NPCs and prevents their differentiation into neurons (3) . Upon activation, the Notch intracellular domain (Notch-ICD) is released and translocates into the nucleus, where it forms a complex with RBP-J/CSL/CBF1 and induces expression of downstream genes such as Hes1. Hes1, a repressor-type basic helix-loop-helix (bHLH) transcriptional factor, is expressed at high levels in the VZ, and the level decreases as neural differentiation proceeds. Misexpression of Hes1 in the embryonic brain prevents differentiation and maintains NPCs, and conversely, in the Hes1-deficient brain, NPCs prematurely differentiate into neurons (4) . Attenuation of the Notch signaling seems to be an important issue for neuronal differentiation, however the mechanisms modulating Notch activity are not clear.
SIRT1 is an NAD ϩ -dependent class III histone deacetylase (HDAC) that deacetylates histones and transcription factors (5) (6) (7) . It deacetylates and modulates p53 and forkhead transcription factors (FOXOs) thereby promoting cell survival. SIRT1 also participates in cell metabolism (6, 7) . It deacetylates and activates the transcriptional coactivator PGC-1␣, which induces gluconeogenesis and mitochondrial oxidative phosphorylation, and may contribute to longevity in calorie restriction (6) (7) (8) . In adipocytes, SIRT1 partners with nuclear receptor corepressor (N-CoR) and silencing mediator of retinoid and thyroid hormone receptors (SMRT) to repress peroxisome proliferatoractivated receptor-␥ (PPAR-␥) and thereby suppresses fat accumulation (9) . N-CoR was initially defined as a regulator of nuclear receptor-mediated transcriptional repression. It has since been shown to interact with HDACs and act as a corepressor for many transcription factors including RBP-J (10). Interestingly, NPCs from N-CoR gene-disrupted mice display spontaneous differentiation into astroglia-like cells (11) .
SIRT1 is highly expressed during embryogenesis (12) . SIRT1-deficient mice exhibit severe abnormalities, including small body, exencephaly, and retinal and heart defects, and they only infrequently survive postnatally (13, 14) . Actually, SIRT1 affects differentiation of adipocytes and muscle cells by inhibiting PPAR-␥ (9) and MyoD (15), respectively. We found that SIRT1's activity was regulated by nucleocytoplasmic shuttling and that its subcellular localization changed after differentiation in C2C12 myoblast cells (16) .
Here, we found that cytoplasmic SIRT1 in embryonic NPCs was transiently translocated into the nucleus by differentiation conditions, suppressed Hes1 expression and increased the number of Tuj1 ϩ neurons. Our findings indicate that SIRT1 is important for neuronal differentiation and its spatial regulation may be critical for suppressing Notch function.
Results

SIRT1 Expression in Neural Precursor
Cells. SIRT1 is highly expressed in the mouse embryo (12) . We examined its distribution in the embryonic brain [supporting information (SI) Text]. SIRT1 was strongly expressed in the VZ and subventricular zone (SVZ) and almost all of the SIRT1 ϩ cells expressed nestin, a marker of NPCs (Fig. 1A) . Although SIRT1 of some cells was found to localize in the nucleus, most cells showed cytoplasmic staining of SIRT1 (Fig. 1B) . When NPCs were cultured from striatum of embryonic day (E)14.5 brain, cultured NPCs also expressed SIRT1 in the cytoplasm (Fig. 1C) . In the adult brain, SIRT1 immunoreactivity was found in the vicinity of the anterior lateral ventricles, and almost all of the SIRT1 ϩ cells expressed nestin ( Fig. S1 A and B) . In contrast, the SIRT1 expression was weak in other regions. Nestin-positive cells in the subgranular zone of the hippocampal dentate gyrus showed few expression of SIRT1 (Fig. S1C) . NeuN ϩ neurons in the gray matter weakly expressed SIRT1 in their cytoplasm, but astrocytes and oligodendrocytes were not stained by the SIRT1 antibody (data not shown). When we labeled dividing NPCs with BrdU, BrdU ϩ cells were labeled by the SIRT1 antibody (Fig. S1D) . NPCs in the adult brain are classified into three types; i.e., type B, type C, and type A cells (17, 18) . SIRT1 immunoreactivity was detected in the most primitive GFAP ϩ type B cells, intermediate NG2
ϩ / PSA-NCAM Ϫ type C-like cells (Fig. S1 E and F) and some of PSA-NCAM ϩ type A cells (Fig. S1G) . SIRT1 was also expressed in S100B ϩ ependymal cells (Fig. S1 E-G) .
Transient Nuclear Translocation of SIRT1 by Differentiation Conditions. SIRT1 in C2C12 cells localizes in the nucleus and translocates into the cytoplasm after differentiation (16) . When cultured NPCs were transferred into differentiation conditions and fixed immediately after transfer, SIRT1 was predominantly located in the cytoplasm (Fig. 1D) . After a 3-h incubation in differentiation conditions, SIRT1 was predominantly expressed in the nucleus (Fig. 1D) . Unexpectedly, the SIRT1 immunoreactivity in many cells again localized in the cytoplasm after a 6-h incubation (Fig. 1D) .
The subcellular distribution of SIRT1 was further investigated by Western blot analysis. SIRT1 was detected mainly in the cytoplasmic fraction of the undifferentiated cells (0 h), but dominantly in the nuclear fraction of the cells that had been under differentiation conditions for 3 h (Fig. 1E) .
Cultured NPCs were electroporated with SIRT1-fused GFP (SIRT1-EGFP) and monitored by time-lapse microscopy ( Fig.  1F and Movie S1). At first, SIRT1-EGFP was mainly expressed in the cytoplasm of a NPC. SIRT1-EGFP started to translocate into the nucleus within 10 min after the transfer into the differentiation conditions, and it was mostly localized to the nucleus by 1 h. SIRT1-EGFP stayed in the nucleus for the next 3 h and then gradually retranslocated to the cytoplasm ( Fig. 1F and Movie S1). When SIRT1mtNLS-EGFP, a mutant SIRT1 that consistently localizes to the cytoplasm (16), was expressed in NPCs, it did not show nuclear translocation ( Fig. 1G and Movie S2).
Decrease of Neuronal Differentiation by Inhibition of SIRT1. When neurospheres were cultured in the differentiation conditions for 5 days, 84.7 Ϯ 2.8% of the spheres gave rise to Tuj1 ϩ , GFAP ϩ , and O4 ϩ cells, indicating that most of spheres differentiate into neurons, astrocytes, and oligodendrocytes ( Fig. 2 A and B) . In contrast, fewer neurospheres cultured in the presence of the pharmacological SIRT1 inhibitors gave rise to Tuj1 ϩ and O4 ϩ cells after differentiation, and the percentage of spheres that yielded all three types of cells fell to 53.5 Ϯ 7.6% and 49.8 Ϯ 5.9% in the presence of splitomicin and nicotinamide, respectively ( Fig. 2 A and B) . Sirtinol, another SIRT1 inhibitor, also impaired the differentiation into neurons and oligodendrocytes (data not shown). At the morphological level, the Tuj1 ϩ neurons that differentiated in the presence of SIRT inhibitors had fewer and shorter neurites than those from control spheres (Fig. 2 A; data not shown). The number of spheres containing GFAP ϩ cells was not altered by the SIRT1 inhibitors: After differentiation, GFAP ϩ cells were found in nearly 90% of the spheres treated with SIRT1 inhibitors, which was comparable with the proportion of control spheres containing astrocytes ( Fig. 2 A and B; data not shown). We could not detect decrease of the number of spheres and apparent apoptosis by SIRT1 inhibitors (data not shown). When SIRT1H355Y, a dominant-negative SIRT1, was expressed in NPCs (Fig. S2) , only 42.9 Ϯ 3.5% of the spheres contained Tuj1 ϩ and GFAP ϩ cells after differentiation ( Fig. 2 C  and D) . On the other hand, 85.9 Ϯ 6.4% of control spheres contained both these cell types. The expression of SIRT1H355Y did not affect the differentiation into GFAP ϩ cells; the percentage of neurospheres giving rise to GFAP ϩ cells was 98.0% for mock-transfected and 94.0% for SIRT1H355Y-transfected cells.
The effect of siRNA for SIRT1 on NPCs was also examined. After the differentiation of neurospheres infected with control and SIRT1-siRNA lentivirus (Fig. S3) , the percentage of neurospheres giving rise to both Tuj1 ϩ and GFAP ϩ cells dropped from 83.5 Ϯ 2.4% (control) to 53.8 Ϯ 2.1% (SIRT1-siRNA) (Fig. 2 E  and F) , which reflected a significant decrease in the number of spheres that generated Tuj1 ϩ neurons. On the other hand, 87.5% of the spheres infected with SIRT1-siRNA lentivirus contained GFAP ϩ cells, which was comparable to the percentage of GFAP ϩ spheres infected with the control virus. The Tuj1 ϩ cells differentiated from neurospheres infected with the SIRT1-siRNA lentivirus were rounder and had shorter neurites than those from control neurospheres (Fig. 2E) .
To assess the function of SIRT1 in vivo, we used in utero electroporation. SIRT1-EGFP or SIRT1-siRNA was introduced with EGFP plasmid in the E14 brain and then the EGFP-labeled cells were examined at E17. In the control brain, EGFP ϩ cells had migrated from the VZ to the intermediate zone (IZ) and cortical plate (CP) (Fig. 2G ) and some of them were labeled with an anti-NeuN antibody (Fig. 2H ). Many EGFP ϩ cells also migrated from the VZ to the IZ and CP when SIRT1-EGFP was overexpressed. In contrast, when SIRT1-siRNA was coexpressed with EGFP, the normal bipolar orientation of the migrating EGFP ϩ cells was abolished (Fig. 2G) . Instead, round EGFP ϩ cells clustered in the SVZ and IZ of the SIRT1-siRNA-expressing brains, and these cells had few or short processes. Furthermore, these cells were not stained with an anti-NeuN antibody (Fig. 2H) .
Promotion of Neuronal Differentiation by Nuclear SIRT1. To investigate the effect of SIRT1 overexpression on cultured NPCs, SIRT1 was electroporated in dissociated small spheres, which rarely give rise to Tuj1 ϩ neurons under differentiation conditions. After differentiation, 2.1 Ϯ 0.8% and 2.2 Ϯ 0.7% of mock-transfected and empty vector-transfected spheres contained Tuj1 ϩ cells (Fig. 3 A and B) . The overexpression of SIRT1 consistently increased the number of spheres containing neurons to 16.1 Ϯ 1.5% (Fig. 3 A and B) . On the other hand, only 3.4 Ϯ 1.0% of spheres that overexpressed the cytoplasm-localized mutant SIRT1, SIRT1mtNLS, generated neurons. These results indicate that SIRT1 promotes neuronal differentiation by its nuclear translocation.
SIRT1 stayed in the nucleus only for a few hours under the differentiation conditions (Fig. 1 D and F) . If SIRT1 has a role in the neuronal differentiation, incubation of NPCs for 3 h in the differentiation conditions would be sufficient to yield Tuj1 ϩ cells. Dissociated NPCs were incubated in differentiation conditions for 3 h, transferred to the medium containing EGF and basic fibroblast growth factor (bFGF) that was used to maintain NPCs and then incubated for 5 days. The number of Tuj1 ϩ cells differentiated from the spheres exposed to the differentiation medium for 3 h was comparable with that of cells cultured in the same medium for 5 days (Fig. 3 C and D) . When NPCs were cultured with BrdU, the number of BrdU ϩ cells was significantly reduced by a 3-h incubation in differentiation conditions (Fig. S4) . Thus, 3-h exposure of NPCs to the differentiation conditions might induce cell-cycle exit and be sufficient in the neuronal differentiation.
Leukemia inhibitory factor (LIF) and bone morphogenetic protein (BMP) promote the differentiation of NPCs into GFAP ϩ cells. We examined the effect of LIF and BMP4. LIF and BMP4 promoted astrocyte differentiation and the number of GFAP ϩ cells was not reduced by the overexpression of SIRT1-EGFP (Fig. S5) . When SIRT1-EGFP was overexpressed, similar number of Tuj1 ϩ cells was differentiated in the presence or absence of LIF and BMP4. However, the ratio of Tuj1 ϩ cells to GFAP ϩ cells was significantly reduced by these signaling molecules (Fig. S5) .
Cooperation of SIRT1 and N-CoR in Neuronal Differentiation. Nuclear SIRT1 may interact with some transcription factor or repressor and modify gene expression. We focused on the corepressor N-CoR (9) . N-CoR mRNA was expressed in both undifferentiated and differentiating NPCs (Fig. S6) . Furthermore, export of nuclear N-CoR into the cytoplasm by ciliary neurotrophic factor (CNTF) induces astrocyte differentiation and NPCs of N-CoR knockout mice spontaneously differentiate into astrocyte-like cells (11) . N-CoR overexpressed in COS cells and that of fetal brains were bound to the GST fusion protein of SIRT1 (Fig. 3E) . Immunoprecipitation experiments also showed that SIRT1 bound N-CoR in COS cells and embryonic brain cells (Fig. 3 F and G) .
We examined the effect of overexpression of N-CoR in NPCs. The overexpression of N-CoR alone in dissociated small neurospheres significantly increased the number of spheres containing Tuj1 ϩ cells (7.3 Ϯ 0.5%) to a level comparable to that obtained by the overexpression of SIRT1 alone (7.1 Ϯ 0.4%) (Fig. 3 H and I) . The coexpression of SIRT1 and N-CoR further increased the number of neurospheres that yielded Tuj1 ϩ cells to 17.1 Ϯ 0.9%. In contrast, the coexpression of SIRT1H355Y with N-CoR significantly reduced the number of spheres that gave rise to neurons, to only 4% (Fig. 3 H and I) . These results suggest that N-CoR and SIRT1 cooperatively promote neuronal differentiation.
Repression of Hes1 by SIRT1 and N-CoR. N-CoR represses the transactivation of Hes1 (10) . Hes1 mRNA expression in NPCs was significantly reduced after the differentiation (Fig. S7) . Therefore, we investigated whether SIRT1 and N-CoR might function together to repress Hes1 transcription. Notch1-ICD induced Hes1 promoter activity in HEK293 cells (Fig. 4A) . The coexpression of either SIRT1 or N-CoR with Notch1-ICD significantly repressed the Hes1 promoter activity, although Renilla luciferase, an internal control, was also suppressed by SIRT1 and N-CoR. The coexpression of SIRT1 and N-CoR with Notch1-ICD further repressed the promoter activity (Fig. 4A) . The coexpression of SIRT1H355Y with N-CoR resulted in a transcription level similar to that seen with SIRT1 alone or N-CoR alone. Repression of Notch-mediated transcriptional activation by SIRT1 and N-CoR was further investigated by using 12XCSL promoter, which responds only to RBP-J-mediated activation by Notch1-ICD (19) . Induction of 12XCSL luciferase activity by Notch1-ICD was repressed by SIRT1 (Fig. 4B) . Although N-CoR weakly suppressed 12XCSL luciferase, coexpression of SIRT1 with N-CoR further decreased 12XCSL activity induced by Notch1-ICD. The coexpression of dominant-negative SIRT1H355Y and N-CoR with Notch1-ICD resulted in a transcription level similar to that of Notch1-ICD alone (Fig. 4B) .
A ChIP assay was used to find whether SIRT1 and N-CoR bound the Hes1 gene in NPCs. SIRT1 and N-CoR both were detected in the promoter region of the Hes1 gene of NPCs cultured in differentiation conditions for 24 h (Fig. 4C) . Furthermore, when SIRT1-EGFP was overexpressed in cultured NPCs, Hes1 immunoreactivity was reduced (Fig. 4D ). In contrast, the forced expression of SIRT1mtNLS-EGFP, which consistently resides in the cytoplasm, failed to suppress Hes1 expression (Fig. 4D) . Hes5 is also a critical mediator of Notch and RBP-J. The promoter region of the Hes5 gene bound SIRT1 and N-CoR (Fig. 4C) . Similar to Hes1, Hes5 expression was also reduced in the cells overexpressed with SIRT1-EGFP (Fig. S8 ).
Discussion
The Notch signal and the repressor-type bHLH transcriptional factors maintain stem cells and prevent neuronal differentiation (3, 4) . Inhibitory bHLH transcription factors repress activatortype bHLH genes such as Mash, Math, and Neurogenin (4). When the expression levels of inhibitory bHLH transcription factors are reduced, neuronal differentiation commences spontaneously (3, 4) . In this study, we demonstrated that SIRT1 transiently translocated into the nucleus under differentiation conditions. We found that some cells in the embryonic brain expressed SIRT1 in the nucleus, which might indicate the translocation of SIRT1 in vivo (Fig. 1B) In Drosophila, the unequal distribution of Numb affects neural cell fate (21) . Numb segregates preferentially into the neuronal daughter cell during asymmetric divisions where it inhibits Notch signaling, although the function of Numb homologs in mammalian NPCs is still under investigation (22, 23) . If an extracellular signal recruits SIRT1 into the nucleus, it is a candidate for a non-cell-autonomous signal in the neural differentiation. When SIRT1 was inhibited, differentiated Tuj1 ϩ neurons often had fewer or shorter neurites than those in control spheres (Fig. 2 A,  C, and E) . NPCs expressing SIRT1-siRNA were round and had short or no neurites in the embryonic mouse brain (Fig. 2G) . Neurite outgrowth is inhibited by the overexpression of Notch and promoted by the expression of Numb (24) . The inhibition of SIRT1 may increase Notch activity in Tuj1 ϩ neurons, thereby altering the neuronal morphology. However, in vivo genetic manipulation of Notch1 induced dendritic arborization and branching of hippocampal neurons (25) . Thus, additional function of SIRT1 on neurite outgrowth may exist.
Promotion of neuronal differentiation by the overexpression of SIRT1-EGFP was still found in the presence of LIF and BMP in cultured NPCs. However, the ratio of the number of Tuj1 ϩ cells to that of GFAP ϩ cells reduced by LIF plus BMP4 (Fig. S5) . Further study is necessary to elucidate the functional role of SIRT1 on the signaling cascade of astrocyte differentiation.
N-CoR was shown to repress astrocyte differentiation (11) . In the present study, N-CoR interacts with SIRT1, inhibited Hes1 transactivation (Fig. 4) and promoted neuronal differentiation (Fig. 3 E  and F) . These results indicate that N-CoR has an important role on neuronal differentiation. CNTF recruits N-CoR into the cytoplasm by inducing phosphorylation of N-CoR (11) . SIRT1 may translocate into the cytoplasm with N-CoR by CNTF.
SIRT1 was previously reported to inhibit the differentiation of cells (9, 15) . Class I and class II HDAC family inhibited or promoted differentiation in a tissue-specific manner. Valproic acid, an inhibitor of class I and class II HDACs, inhibits the differentiation of preadipocyte cells (26) , whereas it promotes the neuronal differentiation of adult hippocampal neural progenitors (27) . HDAC1 represses MyoD and thereby inhibits myogenesis (28) , but it induces differentiation of NPCs during zebrafish neurogenesis (29) .
Recently, Prozorovski et al. (30) showed that oxidative conditions repressed Mash1 expression in neonates and cultured NPCs from E17.5 embryos and indicated that the repression of Mash1 was mediated by the complex of Hes1 and SIRT1. They suggested that SIRT1 participated in oxidation-mediated suppression of neurogenesis. Most of Mash1 ϩ cells in the neonate SVZ differentiate into oligodendrocytes and olfactory interneurons (31), which have not been examined in our experiments. Although cell lineages of Mash1 ϩ cells were not determined by Prozorovski et al., SIRT1 might play a distinct role on differentiation under specific conditions.
Methods
Animals. The Animal Welfare Guidelines of Sapporo Medical University were followed in all of the studies and experiments using mice. ddY and ICR mice were obtained from Nihon SLC.
Neurosphere. Neurospheres were cultured in media hormone mix (MHM) medium with EGF (20 ng/ml) and bFGF (20 ng/ml) (32) . For differentiation, cells were plated onto poly-L-ornithine-coated microcoverslips and incubated for 5 days in growth factor-free MHM medium containing 1% FBS (differentiation conditions).
Nucleofection. Dissociated NPCs were suspended in 100 l of mouse neural stem cell nucleofector solution (Amaxa) with plasmid DNA (5 g) and electroporated.
In Vivo Electroporation. The methods for in utero electroporation were described previously (33) . Briefly, pregnant mice were deeply anesthetized on E14, and the uterine horns were exposed. Plasmid DNA was injected with pEGFP-N1 (BD Biosciences) to each embryonic brain in the uterus and electroporated with a square-pulse electroporator (Nepa Gene). Electronic pulses (40 V; 50-msec duration) were applied five times at intervals of 950 msec. The uterine horns were then placed back into the abdominal cavity to continue development. Embryos were examined at E17.
ChIP Assay. The EZ ChIP kit (UBI) was used. Sheared DNA samples prepared from NPCs cultured under differentiation conditions for 24 h were immunoprecipitated and were analyzed by PCR.
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